Abstract:
Introduction
The cholinesterases (ChEs) are key enzymes in a range of important areas such as neurobiology, toxicology and pharmacology. Depending on their locations, ChEs have two main functions; at cholinergic synapses, they are responsible for the termination of nerve impulse transmission and in noncholinergic tissues, they are responsible for the degradation of xenobiotics [1] . In addition, the important role of these enzymes in diseases with an increasing incidence in the elderly population, such as Alzheimer disease, is also known [2] . Two types of ChEs, distinguished by their substrate specificity, are found in mammals, acetylcholinesterase (AChE) and butyrylcholinesterase (BChE). These enzymes have very similar structure, and only a few critical differences in the amino acid composition assign for their differential behaviour towards substrates [3] [4] [5] .
It is known that ChEs are strongly inhibited by organophosphate and carbamate pesticides, and also by metals [6] [7] . The effect of metals on AChE activity is a major issue in biomonitoring studies, particularly in environmental studies where several classes of chemicals may be present. To our knowledge, there have been no reports concerning inhibition effect of silver ions on ChEs activity in vitro. Silver is a naturally occuring precious metal, most often as a mineral ore in association with other elements. It has been used in a wide variety of applications; in treating mental illness, epilepsy, nicotine addiction, gastroenteritis, and infectious diseases, including syphilis, and gonorrhea [8] . Major direction for its uses is the remarkably strong anti-microbial activity of which ancient civilizations were aware. The need for evaluating toxicity of silver is becoming increasingly paramount due to increasing and wide applications of silver-based nanomaterials such as detergents and soaps, socks, water and air filters, washing machines, wet wipes, bedding, burn treatments, and other medical and industrial textiles [9] . With such uses, silver potentially has both desirable (therapeutic) and undesirable (induction of cellular dysfunction, oxidative stress, toxicity) outcomes, or combinations of both [8] . The antimicrobial activity of silver is dependent on the silver cation, characterised by a strong binding affinity to electron donor groups in biological molecules containing sulphur, oxygen or nitrogen. Hence the effectiveness of nanosilver-based antimicrobials depends on their ability to release the silver ions to a pathogenic environment [10] . There is also growing evidence that, as well as being toxic to bacteria, silver could also be highly toxic to
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Inactivation of cholinesterases by silver and gold ions in vitro mammalian cells [11] . It has been shown that silver could damage brain, liver and stem cells [12] . Like silver, gold show similar features suited for biomedical applications, including the ability to become selectively incorporated with recognition molecules such as peptides or proteins [13] . The application of gold in therapy and drug delivery necessitates the information on the bioaccumulation and local or systemic toxicity associated to them. A group of common, and already known, gold toxicities include dermatitis, stomatitis, proteinuria, and thrombocytopenia. However, a central importance in biomedical applications and the growing biosafety concerns of silver-and goldbased materials is the introduction of silver and gold ions in blood which leads to their interactions with the proteins present in plasma [14] . Thus, the toxicokinetic behavior of metal ions can be largely dependent on the binding phenomena [15] .
Therefore, the aim of our study was to investigate the effects of silver and gold ions on ChEs activity in vitro. Furthermore, potential decrease in toxicity caused by interaction of these metal ions with albumin, the most abundant protein present in plasma, was additionally tested.
Experimental procedure

Chemicals
Standard solutions of 1000 mg dm-3 of silver nitrate (extra pure Ph Eur) and gold chloride (extra pure Ph Eur), as well as sodium dihydrogen phosphate, di-sodium hydrogen phosphate, tris(hydroxymethyl) aminomethane (Tris), acetic anhydride, dimethyl sulfoxide (DMSO), sulphuric acid, nitric acid and o-nitrophenol were purchased from Merck (Darmstadt, Germany). Acetylthiocholine (ATCh), butyrylthiocholine (BTCh), butyrylcholinesterase (BChE, purity >85%), bovine serum albumin (BSA, purity >98%), indoxyl acetate and 5,5'-dithiobis(2-nitrobenzoic acid) (DTNB) were purchased from Sigma Chemical Co. (USA). Human recombinant acetylcholinesterase (AChE) was provided by Prof. P. Taylor, Skaggs School of Pharmacy and Pharmaceutical Sciences, University of California, San Diego, USA. The substrate o-nitrophenyl butyrate was from BDH Chemicals Ltd. (England).
De-ionized water was used for the purification steps and double-distilled water for analytical procedures. Tris buffer 0.025 mol dm -3 , pH 7.4, was prepared by dissolving the appropriate amount of tris(hydroxymethyl) aminomethane in double-distilled water. Nitric acid (0.1 mol dm -3 ) was added to adjust the pH. All other chemicals used were of analytical grade.
Instruments
A Seven Easy pH meter with an InLab 413 electrode (both obtained from Mettler-Toledo, Switzerland) was used for pH measurements with an uncertainty of ± 0.02 pH units. The pH meter was calibrated at 25°C using the two-point calibration method with commercially available Mettler-Toledo standard buffer solutions (pH 7.00 and 9.21).
The Orion 9616BNWP Sure-Flow™ Combination Silver/Sulfide Electrode (Thermo Scientific, USA) connected to Seven Easy ISE meter (Mettler-Toledo, Switzerland) was used for measuring free silver ions.
1 H and 13 C NMR spectra of synthesized o-nitrophenylacetate were recorded on Varian Gemini 300 MHz NMR instrument (Varian Inc., USA).
Progress curves of the enzyme reactions were measured on a CARY 300 spectrophotometer (Varian Inc., Australia).
Stopped-flow fluorescence measurements were performed using an Olis RMS 1000 spectrophotometer (Olis Inc., USA) equipped with 0.5 cm quartz cells and a thermostat bath.
Synthesis of o-nitrophenylacetate
o-Nitrophenyl acetate was prepared by the method of Galatis [16] . A mixture of equivalent quantities of o-nitrophenol and acetic anhydride is treated with one drop of sulphuric acid and then heated for three hours on the steam-bath. After the reaction mixture has cooled, it is poured dropwise and with good stirring into 200 mL of cold distilled water. The light-yellow precipitate is filtered, washed with cold distilled water, dried in air and stored in a vacuum desiccator over sulphuric acid. After two days the o-nitrophenyl acetate was free of unreacted o-nitrophenol. The completion of this purification was checked by recording of 1 H and 13 C NMR spectra ( Supplementary Fig. 1 ). The yield was 91% of the theoretical. The acetate can be recrystallized by dissolving it in an equal quantity of alcohol at room temperature and cooling to 0°C.
Enzyme assays
In order to determine metal ions effect on ChEs activity, suitability of three different enzyme assays was checked: method with thiol reagent (DTNB) and substrate ATCh (assay 1), method with indoxyl acetate as substrate (assay 2) and method with o-nitrophenyl acetate/butyrate as substrate (assay 3). All experiments were done in 0.025 mol dm -3 Tris buffer, pH 7.4, at 25°C. All the tests and measurements were performed in four replicates.
Assay 1
Enzyme activity was measured spectrophotometrically according to the Ellman procedure [17] 
Assay 2
Enzyme activity using indoxyl acetate as substrate was tested only for AChE. In a quartz cuvette 2 mL of 0.025 mol dm -3 Tris buffer, constant concentrations of enzyme, and different concentrations of substrates are placed. The solutions were incubated for 30 s to obtain a complete mixture. The sample was stirred within the cuvette at 25°C. The variation of the fluorescence intensity per unit of time is used to determine the initial rates [19] .
Assay 3
Enzyme activity was measured using o-nitrophenylacetate and o-nitrophenylbutyrate as substrates for AChE and BChE, respectively. Absorbance of the reaction mixture (2 mL) was recorded spectrophotometrically at different substrate concentrations (0.1-2 mmol dm -3 ) and at 412 nm with a minimum of 4 repetitions per concentration. The rate of o-nitrophenyl acetate/butyrate hydrolysis was determined by measuring the rise in concentration of anionic o-nitrophenol spectrophotometrically in a given time at 25°C. The absorbance of o-nitrophenol was transformed into the concentration of o-nitrophenol using the Lambert-Beer law. Kinetic parameters of an enzyme reaction were evaluated using the MichaelisMenten model of enzyme activity.
Influence of Ag
+ ions on enzyme assays
The possible interference of silver and gold ions with the substrates or with their corresponding hydrolysis products was investigated. The substrate ATCh was tested at the concentration of 1.0 mmol dm -3 in Tris buffer (after dilution of a concentrated solution of 0.1 mol dm -3 in water). The substrate indoxyl acetate was tested in the concentration range from 0.3 to 5 mmol dm 
Electrochemical determination of silver ions
Low-level measurement procedure for solutions that have Ag + concentration of less than 4.6×10 -6 mol dm -3 was used. Silver stock solutions were prepared from reagent grade silver nitrate without further purification. Four calibration standards that bracket the expected sample concentration was prepared from 10 mg dm -3 silver standard. Polyethylene labware was used for all measurements. Low level silver ionic strength adjuster (ISA) was prepared by pipette 20 mL of the ISA (Cat.
No. Orion 940011, Termo Scientific, USA) into a 100 mL volumetric flask and diluting to the mark with ultrapure water. Measuring of free Ag + ions was always done in both standards and samples mixed with 1% of low-level ISA solution. Between measurements, the electrode was rinsed several times with distilled water and wiped dry with absorbent tissues. In calibrating the silver electrode, the solutions were magnetically stirred at a constant, slow rate using a Teflon-coated stirring bar, and mV readings were taken after stable equilibrium mV values were reached as indicated by the recorder readout. Equilibrium potentials for the test samples were normally obtained in 3 to 5 minutes. The data obtained from these standard solutions were used to establish the calibration curve which was used to relate the observed mV readings to Ag + ion concentrations.
Adsorption of silver on BSA
Adsorption characteristics of silver on BSA were determined by electrochemical determination of free silver ions and by measurements of tryptophane (Trp) fluorescence quenching. Electrochemical determination (briefly described above) of free silver ions was conducted in BSA filtrates. Filtrates were obtained from 0.08% (12.1 µmol dm -3 ) BSA solution incubated with different concentration of silver ions for 15 min and subsequently filtrated using 0.2 µm Nylon (PA) membrane filters (Markus Bruckner Analysentechnik, Austria). Stopped-flow fluorescence measurements of the reaction mixture were performed at different silver concentrations (5, 10, 20 and 50 µmol dm -3 ), with a minimum of 4 repetitions per concentration, using an Olis RMS 1000 spectrophotometer with photomultiplier. Aliquots of two solutions, one containing only the BSA and the other containing the silver nitrate, were mixed together in the mixing chamber of the apparatus. Excitation was carried out at 285 nm, and emission was measured at 340-348 nm using 2.5-nm excitation and 5-nm emission slit widths, in order to selectively detect tryptophane (Trp) group derived fluorescence. Measurements of Trp fluorescence quenching were repeated for assessing an adsorption of silver ions on BChE, too.
Inhibition experiments
The inhibition of ChEs activity was assessed by incubating the enzymes during 15 min, at 25°C, with several different concentrations of silver (5 to 45 µmol dm -3 ) and gold (5 to 20 µmol dm -3 ) in order to reach a degree of inhibition between 20 to 80%. After addition of an appropriate amount of substrate, o-nitrophenyl acetate/butyrate in Tris buffer, remaining activities were recorded by measuring colour development at 412 nm. As recombinant AChE was used throughout of this study, BSA was added for stabilization of enzyme buffer solution to a final concentration of 0.45 µmol dm -3 , a condition in which no loss of enzyme activity was observed after several hours at 25°C. Commercial BChE was stable enough during experiments that no addition of BSA was required.
Circular dichroism measurements
Circular dichroism (CD) experiments were performed on a Jasco (Easton, MD, USA) J-815 spectrophotometer in a 0.1 mm quartz cuvette. CD spectra of 30 µmol dm -3 BChE were collected with addition of 295, 393, 785 and 1178 µmol dm -3 silver perchlorate solution in 25 mmol dm -3 phosphate buffer (pH = 7.4). After 5 min of equilibration at 25°C, the spectra were recorded as an average of five scans from 190 to 250 nm with 1 second response, 100 nm min -1 scan rate, and 2 nm band width. Baseline was performed with phosphate buffer solution. The final spectra were obtained after subtraction of the blank solution containing corresponding concentration of silver perchlorate in phosphate buffer.
The analysis of CD spectra for estimating the fractions of a-helix, b-strand, turns and unordered secondary structures were done following the selfconsistent method [20] version 3 (SELCON3) using Dichroweb [21, 22] .
Results and discussion
The main purpose of this work was to investigate the possible effects of silver and gold ions on AChE and BChE activities in vitro.
Optimization of enzyme assays
It is well known that a bias could be introduced when studying ChE inhibition by metals due to a possible interference of metals with the methodologies used to measure ChE activity. Such contribution may be erroneously interpreted as enzymatic inhibition [23] . The Ellman's assay owing to its sensitivity and simplicity is the most frequently used technique in assessing ChE activity [17] . Frasco et al. [24] and Hg 2+ ) in separated steps of the Ellman's technique. All the metals tested in this study, at the assayed concentrations, significantly reacted with TCh as well as with TNB decreasing the measured absorbencies. The reaction between metal ion and TCh is well known and described by Koelle and Friedenwald [23] who developed histochemical method, modified later by Karnovsky and Roots [25] , which is widely used for determination of ChE activity in histology or in gel electrophoresis. The method is based on the interaction between the strong reducing agent TCh which reacts with the Cu 2+ ion inducing formation of a white precipitate known as Koelle's cuprous (Cu + ) thiocholine iodide precipitate. Thus, a similar oxidizing action by the other metals could be hypothesized in accordance with the different affinities for thiol groups showed by each metal. In our experiments, silver was added in reaction mixture two minutes after addition of substrate ATCh. Within first two minutes enzyme was hydrolyzing substrate as expected, but absorbance was rapidly increased with formation of an absorbance plateau after addition of silver ions. Consequently, we could not measure ChE activity in the presence of silver ions due to very low increase in absorbance over time. Obviously silver cross reacted with DTNB causing depletion of free DTNB needed for reaction with thiocholine which is a product of enzyme hydrolysis. Thus, we confirmed inadequacy of Ellman's technique in the measurement of AChE activity in the presence of silver ions.
Next, a fluorometric assay with indoxyl acetate as a substrate and a chromogenic assay with o-nitrophenyl acetate/butyrate as substrate were tested. Indoxyl acetate is non-fluorescent compound that upon hydrolysis with ChE and subsequent fast oxidation gives a highly fluorescent product indigo white [26] . However, our experiments revealed that indoxyl acetate undergoes oxidation in the absence of AChE, but in the presence of silver ions. At the same time, resulting formation of fluorophore in the presence of silver follows the same hyperbolic concentration dependence as hydrolysis by the AChE (see Supplementary Fig. 2a ). When concentration of indoxyl acetate was lower than 1 mmol dm -3 , rate of spontaneous oxidation of indoxyl acetate was apparently higher in the presence than in the absence of silver (Supplementary Fig. 2b ). These results revealed that this technique is also inadequate for the evaluation of possible ChE inhibition by silver due to high rate of non-enzymatic formation of fluorophore.
In the case of chromogenic assay with o-nitrophenyl acetate/butyrate as substrate, ChE converts the substrate in a product o-nitrophenol that can be spectrophotometrically followed. Any possible interference is easier to detect, but ChE has lower affinity for these substrates, in comparison with ATCh, requiring higher concentration of an enzyme in the samples subjected to analysis [23] . Our control experiments showed no changes in absorbance of o-nitrophenyl acetate and butyrate or their hydrolysis products after addition of silver ions in samples with no ChE present. Therefore, a chromogenic assay using the substrate o-nitrophenyl acetate/butyrate in Tris buffer was used as a method of choice in our study.
Interaction of Ag
+ ions with BSA
In this study, we evaluated the effect of silver and gold ions on the human recombinant AChE and horse BChE activities. As recombinant ChE requires additional stabilization with BSA, we first tested the effect of BSA addition on AChE inhibition by silver ions. Furthermore, the toxicokinetic behaviour of different ChE inhibitors can be largely dependent on the binding phenomena [27] . Albumin, the most abundant protein in plasma, is a principal binding protein in blood plasma for a large number of xenobiotics controling the degree and time of their actions in the body. Thus, purpose for examining the interaction of silver ions with BSA was twofold: (i) to determine a condition in which added BSA is sufficient for AChE stability, but has no effect on interaction between AchE and silver ions, and (ii) to determine a capability of BSA to decrease potential toxicity of silver ions. Comparison of tertiary structure of albumin and AChE shows higher content of Cys in albumin, while AChE contains more Trp and Met (Fig. 1) . Both proteins have about the same number of His. All these residues are significant due to possible interactions with various metal ions.
Fluorescence emission spectra showed that an increase in concentration of silver ions decreased the BSA Trp fluorescence quantum yield (Fig. 2) . Fluorescence signal was modified in order to start from the single origin and show formation of metal-BSA complex. Analysis of progress curves (Fig. 2a) resulted in rate constant k = 0.048 ± 0.003 s -1 and a half time 14.4 s. Analysis of progress curve plateaus revealed hyperbolic correlation with an increase in concentration of silver ions. Initial rates followed also hyperbolic correlation because initial rate is a product between progress curve plateau and bimolecular rate constant k. Obtained hyperbolic correlation suggests that reversible interaction between BSA and silver occurred as first step, while afterwards step would be slower formation of covalent bond with amino acid residue, not detectable using quenching method. Electrochemical measurements ( Supplementary Fig. 3 ) confirmed reaction between silver ions and BSA. The silver/BSA ratio changed in the favour of silver ions along with an increase of silver nitrate concentration.
Inhibition of AChE by silver ions in the presence of BSA was then evaluated. We performed a series of measurements in which different final concentrations of BSA were applied. Results presented in Fig. 3 clearly show how an increase in BSA concentration actually reduces AChE inactivation by silver indicating that silver ions may be partially bound to BSA with a reduced free concentration. Ending of all exponential curves at the same plateau (Fig. 3a) indicates that all silver would react with the BSA only without affecting the AChE activity when we apply sufficient concentration of BSA. Furthermore, measured differences between reactions of AChE and BSA with silver nitrate (see Fig. 3a) showed percentages of BSA required for 50% of AChE inhibition at given silver nitrate concentrations. Afterward correlation of these BSA percentages with silver nitrate concentrations (Fig. 3b) revealed that 0.003% BSA (as a final concentration) has negligible influence on AChE inhibition by silver ions.
Effects of silver and gold ions on AChE and BChE activities
There are only few studies that have tested the effects of metals on the AChE and/or BChE activity [23, [28] [29] [30] and none of them investigated potential ChE inhibition by silver. Several factors influence the ability of a metal to produce toxic effects on the body; the solubility, the ability of the metal to bind to biological sites, and the degree to which the metal complexes formed are metabolized and excreted [31] . The exposure of organisms to metals may thus result in stimulation, no change, or depression of the enzymes studied, depending on the duration and the metal concentration used. Inhibition experiments with silver and gold showed that both metal ions induced reduction of AChE activity after 15 min of incubation. Measured activities of ChEs in , and half maximal rate was obtained at silver nitrate concentration 4.5 ± 0.5 µmol dm the absence and presence of silver and gold are shown in Supplementary Fig. 4 . Resulting change in enzyme activity and evaluated kinetic parameters (V m and K m ) suggested that inhibition cannot be described using a model of non-competitive or competitive inhibition (Fig. 4a) . Although a value of K m was constant, the value of V m reduced as metal concentration increased. Correlation of enzyme activity and applied metal ion concentration showed linear dependency (Fig. 4b) while in a case of reversible inhibition this correlation would be nonlinear. This means that studied metal ions inactivate only fraction of present AChE while unaffected AChE normally hydrolyzes o-nitrophenyl acetate. Therefore, we have measured enzyme activity as the fewer enzymes would be present in the reaction mixture.
We have introduced the modified Michaelis-Menten Eq. 1 to be able to assess the inhibition:
where (v) is the enzyme activity at given substrate concentration (s), (a) is the slope of inactivation, (i) represents the concentration of metal ions, K m is dissociation constant of the Michaelis complex, and V m is maximal velocity. Detailed analysis showed a different mode of inhibition by inactivation of enzyme activity due to a possible irreversible reaction of metal ions with enzyme amino acids, i.e., Cys, Met, Trp and His [29, [32] [33] [34] . Assumption that metal ions may inhibit enzymes with functional sulfhydryl group(s) in the active site [23] could not be applied to cholinesterases, as they contain no free amino acids containing such groups in their active sites (Fig. 1) . AChE inactivation by silver and gold ions might be analogous to the mechanism of reaction between BSA and silver (see above). The same type of progressive irreversible inhibition was observed for both ChEs. Type of BChE inhibition by gold ions did not differ from one determined for AChE, i.e., a 50% reduction of activity at concentration of ~ 9 µmol dm -3 . However, silver ions at 19.5 µmol dm -3 caused 50% reduction of BChE activity, while 50% inhibition of AChE occurred at silver ion concentration of 46.6 µmol dm -3 . Here, one should have in mind that concentration of AChE and BChE during experiments may differ. Additionally, we noticed certain disagreement between experimental data and theoretical curves in assessing BChE inhibition by silver when using a model of inhibition by inactivation. Increase in substrate concentration slightly increased BChE activity in the presence of silver ions indicating minor competitive effect of inhibition, which was absent in the case of AChE. Pattern of Trp fluorescence quenching of BChE by silver ions (Fig. 5) was similar with that of BSA Trp quenching (Fig. 2) . Correlation of observed second order rate constants (k obs ) against silver concentration showed linear dependence and thus confirmed reversible nature of silver interaction with the active site of BChE (K d = 152 ± 20 µmol dm -3 ) [17] . Minor competitive effect of BChE inhibition was noticed because inactivations of BChE activity occured at much lower silver concentrations.
We tested irreversibility of BChE inhibition by incubating BChE with silver at 19.5 µmol dm -3 and measured activity in different final volumes of reaction mixture at constant final substrate concentration. Observed linear pattern of change in activity upon inhibition implies that there is no free enzyme release due to dissociation of eventual BChE-silver complex, but only due to BChE dilution ( Supplementary Fig. 5 ). Our opinion is that silver and gold ions do not inhibit ChEs by a perturbation at the active site, but through deactivation of the enzyme as Barberich at al. [32] explained for the creatinine amidinohydrolase. Actually, inactivation of enzymes occurs due to a loss of protein structure dynamics caused by reaction of metal ions with amino acids, i.e. Cys, Met, Trp and His. Indeed, our results reveal that addition of BSA to reaction mixture was effective tool for scavenging of silver ions (Fig. 6) , as shown also for thiol-containing molecules [32] .
Furthermore, we have undertaken CD study to probe further into the structural details of the ChE molecules and their conformational changes upon interacting with silver ions. As recombinant AChE used throughout this study requires stabilization with BSA which will complicate CD spectra analysis, we have performed CD study using BChE as model system. The silver ions clearly change the shape of the CD spectrum of the BChE in the far and near ultraviolet (UV) as shown in the Fig. 7A . The content of the secondary structure of BChE in the presence and abscence of Ag + ions are presented in details in Supplementary Table 1. The addition of Ag + decreases the α-helical content (Fig. 7B ) and increases the β-strand content in the BChE (Fig. 7C) . At the same time, our CD results revealed a reduction of ordered and magnification of unordered secondary-structural elements in the BChE upon Ag + addition (Supplementary Table 1 ).
Based on our results, we propose model of cholinesterase inhibition/inactivation by silver and gold as follows: first, reversible complex is formed between ChE and metal ions in short period of time, and in second step, metal ions form covalent bonds with cysteines inducing rigidity in ChE structure followed by inhibition/ inactivation of catalytic activity. Thus, this would be a rather general model for the effect of metals on proteins. Only in the cases where a sensitive free sulfhydryl group is available, another model should be considered (for example, in T. californica AChE).
From an ecological point of view, the tested metal ion concentrations (maximum of 250 µmol L -1 for silver) may be considered high. However, in polluted environments, it is possible to find concentrations of metals in the mg dm -3 range [23] . Also, metals accumulate in the tissues of organisms, where they can reach considerably higher concentrations than those found in the surrounding medium [35] . Finally, complex mixtures of metals normally occur in the environment leading to additive and/or synergistic toxicological interactions whereas we have tested single metal effects on cholinesterases. ).
Increase of AChE activity due to the scavenging of Ag + ions by BSA. AChE activity was measured using an Assay 3 in the presence of AgNO 3 (250 µmol dm 
Conclusions
